This paper presents the experimental realization of magnetic hollow microspheres. Starting from core-shell microspheres with an organic core and a shell composed of nanoparticles, we could remove the core using a plasma etching technique. An estimate of the magnetoelastic effects arising from the interplay of magnetic dipolar interactions and cohesive energy which can be expected in such structures is given with the help of computer simulations using the Hybrid Monte Carlo method.
Introduction
Magnetic hollow microspheres with tunable shell thickness and composition are interesting building blocks for new advanced materials with a lot of potential applications. Their properties are determined by the nanosized components which constitute the shell material. The structures can be synthesised using self assembly easing the mass production process (see e.g. [1, 2] ).
One possible application for hollow microspheres are photonic crystals [3] . Controlling the difference of the refractive index of the shell and the core and also the arrangement of the balls on a regular three-dimensional lattice, one can obtain colloidal crystals with full photonic band gap in the visible [4, 5] .
Magnetic nanoparticles also find a lot of applications in the medical area [6] [7] [8] , for example in diagnostics or drug targeting by magnetically guided transport [9] [10] [11] . Magnetic hollow capsules could be very useful for such a drug delivery system: By filling the particles with drugs and directing them by an inhomogeneous magnetic field into the immediate vicinity of a tumor, the dosis could be reduced and the drugs would not affect other regions of the body. Iron oxide hollow spheres in aqueous solution are appropriate biocompatible carriers for this purpose. Another possible application is the use as actuators in small magnetomechanical devices, which could be operated by external magnetic fields in places where electrical or mechanical connections to the outside world are not desirable (e. g. inside the human body).
The fabrication of hollow spheres was previously realized by other groups via calcination, a time consuming process of many hours [12] [13] [14] [15] . On the other hand, organic components surrounding core-shell nanoparticles can be removed in a matter of minutes by exposure to suitable plasmas [16] . There have also been reports on the synthesis of metallodielectric composite particles with multishell structure, especially for photonic crystal applications [17, 18] .
The first part of our paper explains how hollow magnetic nanospheres can be fabricated experimentally in an efficient way, and the structural properties of the compounds are presented. The second part adresses the magnetic and magnetoelastic properties of such structures by means of computer simulations.
2 Experimental preparation
Preparation of core-shell microspheres
The core-shell microspheres were fabricated by the layer-by-layer method. Driven by electrostatic forces, the nanometre sized particles assemble in an aqueous suspension on the spherical surface of micrometer sized beads. The preparation of these particles and magnetic characterisation has been described elsewhere [12, 19, 20] . We used polystyrene (PS) beads with diameters of 590 nm and 640 nm and nanoparticles of Fe 3 O 4 (Ø = 12 ± 3 nm) and Mn 0.5 Fe 2.5 O 4 (Ø = 10 ± 3 nm). The properties of the nanoparticles building the shell of the core-shell particles were reported elsewhere [21] . Drops of the suspension containing the core-shell microspheres were deposited on Si wafer substrates. The left panel of Fig. 1 shows such a microsphere on a Si substrate.
2.1.1
Plasma etching of core-shell particles. To remove the organic components of the sample and thus the core of the microspheres, we used a planar type inductively coupled plasma (ICP). A cylindrical Pyrex chamber (mounted on a steel vacuum chamber) and a grounded and perforated aluminium plate confine the plasma. On the top and outside of the Pyrex chamber the induction coil was situated. A Faraday shield, consisting of a copper ring with copper strips stretching inward, was mounted between this coil and the Pyrex plate to prevent capacitive coupling between the induction coil and the plasma. The magnetic field lines penetrate the Faraday shield inducing inside the chamber an alternating electric field. The oxygen gas pressure was 0.13 mbar, which resulted in chemical plasma etching and prevented the ion assisted damage of the material and physical sputtering. The RF-generator had an operating frequency of 13.56 MHz amplified to an output power of 250 W. The etching times were 10 to 120 minutes in 10 minutes steps. The samples were placed in the middle of the discharge onto an aluminium holder, which was isolated against the aluminium plate.
2.1.2
Characterisation. The diameters of the microspheres were determined from scanning electron micrographs (SEM), using a LEO 1530 SEM applying an accelerating voltage of 10 kV . Energy dispersive X-ray (EDX) spectroscopy linescan measurements were performed on a Philips Tecnai G2 30 transmission electron microscope (TEM) with 300 kV accelerating voltage.
Results and discussion

2.2.1
Structural analysis. Structural analysis was performed by SEM (cf. Fig. 1 ). The left panel of Fig. 1 shows a microsphere before etching. The plasma treatment leaves the shell intact without substantial changes to the structure. The microsphere in the right panel of Fig. 1 was deliberately opened to demonstrate the absence of the core. One can see that the nanoparticles of the shell are partly sintered. However, the shell is still porous, which explains the diffusion of oxidised, gaseous organic material from the core. SEM-images taken at 45 • inside the microscope confirmed, that the spheres are stable and spherical after plasma treatment. Analysis of the same particle before and after etching showed a reduction of the diameter by less than 5 %. The expected change of diameter due to the removal of the polyelectrolytes spacers (approximately 5 nm) between the nanoparticle-layers for a total shell thickness of 165 nm is 8 %. On the other hand, one also has to consider the complete oxidation of the shell-forming nanoparticles (maghemite and magnetite) to haematite leading to a change in volume. Oxidation from magnetite to haematite results in an increase in volume by 2 %, from maghemite to haematite in a decrease of 7 % respectively. At present, our measurements are not accurate enough to make definitive conclusions about the composition of the shell and the spacing between the nanoparticles.
TEM-measurements showed the cristallinity of the shell-forming nanoparticles before and after plasma treatment. This was confirmed by X-ray diffraction (XRD) measurements, showing that the shell material consists of haematite after plasma treatment. However, to improve the magnetic properties a magnetite core-shell structure would be desirable, which could be obtained by reduction in a H plasma [15, 16] .
Composition analysis.
The composition of the particles was analysed by EDX linescans in the TEM. The intensities of the characteristic Kα-lines of iron, oxygen and carbon were plotted against the position of the incident electron beam along the scan across the microsphere (see fig. 2 ). The figure shows the results for particles with a core-diameter of 640 nm and 4 layers of nano-haematite, after an etching time of 30 minutes. The iron signal shows two maxima at the side corresponding to the position of maximal excitation volume for the X-rays. These two maxima are characteristic for a core-shell structure. This effect is also seen somewhat weaker in the oxygen signal. The oxygen background signal is due to the amorphous SiO substrate. The carbon signal is zero, which proves the complete removal of the PS ([−CH 2 CH(C 6 H 5 )−] n ) core.
Simulation of magnetoelastic properties
The experimental determination of magnetomechanic properties of nanoparticle ensembles on curved surfaces like hollow spheres is a problem, which has not been solved so far. With the aid of computer simulations of nanocomposite structures, however, one may hope to close this gap. In the following, we present a computer model for the description of such properties.
The model
We consider magnetic core-shell nanoparticles in a closed packed arrangement on the surface of a sphere. The investigated structure has a diameter of about 240 nm and contains N = 1496 individual nanoparticles. The thickness of the surface shell is about 34 nm (3 monolayers) which renders the structure stable for at least several µs of simulation time. Each nanoparticle consists of a Fe 3 O 4 (magnetite) core of 12 nm and a nonmagnetic shell (thickness 1 nm).
We describe the system by a Hamiltonian with spatial and vector spin degrees of freedom in a homogeneous magnetic field B:
The first term describes the magnetic dipole interactions between two Fe 3 O 4 nanoparticles:
Due to their long range spatial extension the interactions between all particles have to be considered leading to an unfavourable N 2 scaling of the computation time with the system size limiting the range of treatable system sizes to a few thousand particles. The magnetic moments µ i are set to 4 × 10 4 µ B , which is a reasonable value for Fe 3 O 4 nanoparticles of this size. The second term describes the attractive van-der-Waals-like interactions and the repulsive term with the help of Lennard-Jones-type pair potentials
To better suite the hard sphere nature of the nanoparticles a power of 24 is used for the repulsive part of the potential. The parameter describes the binding energy, while σ is fixed by the equilibrium distance of two particles. In our simulations, we investigated particles with binding energies of = 0.125 eV, = 0.25 eV and = 0.50 eV.
Computational method
A convenient way to handle coupled magnetic and spatial degrees of freedom is by means of Monte Carlo (MC) Simulations. This is usually done using a single step algorithm, changing the direction of the moment [22] and the position [23] of each individual particle alternatingly, by choosing a new trial value and accepting or rejecting it according to the Metropolis criterion [24] . For the magnetic system, equilibrium is achieved after a few hundred lattice sweeps. The convergence of the spatial degrees of freedom, however, takes much longer. In order to speed up this process, we employ the Hybrid-MonteCarlo Method [25, 26] for the updates of the particle positions, which includes an additional global update step for the translational degrees of freedom by integrating Newton's equation over 10 time steps by means of constant energy molecular dynamics, which also provides us with a natural time scale. Further details of the simulation method will be given elsewhere [27] . Fig. 3 shows a half opened microsphere after cooling it down over 50 000 MC sweeps with an exponential cooling rate from room temperature to T = 4 K and subsequent stepwise heating up to room temperature over 120 000 MC sweeps (which equals approximatively 0.5 µs on a real time scale). Due to the non-isotropic nature of the magnetic dipole interaction (2) the energy is lowered, when moments located along the directions of their magnetisations are aligned in parallel with each other. On the other hand, antiparallel alignment is preferred when the distance vector points perpendicular to the orientation of the moments. Therefore, free particles tend to agglomerate in chain structures, as can be observed in experiments [19, 20, 28] . Since such a configuration is not possible on a surface of a sphere, at low temperatures the typical vortexlike moment structure evolves with moments aligned parallel to the surface of the sphere further stabilising the shell structure and leading to a vanishing overall magnetic moment of the system (for a detailed review on the magnetic properties of mainly dipolar coupled magnetic nanosystems see [29] ).
Results
Increasing the field leads to a soft magnetic behaviour by successively aligning more and more moments (Fig. 4) . Saturation is reached after a few hundred mT. Upon reducing the field, a hysteresis is not clearly observable. The finite slope of the magnetisation curve is due to the fact, that depending on their location on the surface of the sphere, different amounts of energy are needed for aligning the moments. Especially at the poles, the moments are forced to a direction perpendicular to their equilibrium orientation, while the particles around the equator may rotate into the field direction and still retain an orientation parallel to the surface.
Since the dipole interaction (2) depends on the distance and the magnetic orientation of the involved particles, applying a magnetic field will cause additional forces between the particles, which vary for different regions of the sphere. Thus, if the dipolar interaction is strong enough compared to the stabilising elastic potentials (3), the nanocomposite may considerably deform. Fig. 5 gives an impression of this effect. Here, three particles with different values for the binding energy are shown which have been exposed to a homogeneous magnetic field of 0.5 T at room temperature. The colour coding describes the radial displacement
i. e. the difference in their distance to the centre of mass of the composite structure. In addition, also the absolute displacement vectors to the initial equilibrium configurations without external magnetic field are plotted, showing the magnitudes of the individual particle movement. Particles at the poles are mainly displaced outwards, while particles around the equator move primarily towards the centre of the microsphere. This behaviour can be related to the tendency towards chain formation, which is typical for dipolar systems, as stated above. The observed effect is larger the smaller the binding energy . For = 0.125 eV displacements are obtained, which may be sufficient for technical applications. However, at low binding energies, we also find an increased particle migration, which finally may cause the destruction of the nanocomposite, e. g. through hole formation in the shell, as can be seen in the upper panel of Fig. 5 .
To further explore the influence of magnetism on the elastic properties, we exposed the nanocomposites to an external pressure in form of a stamp pressing on the microsphere. Fig. 6 shows the comparison of two identical particles loaded with a weight of 0.01 µg after 150 000 MC sweeps, where one of them has been exposed to a magnetic field of 0.5 T before the application of pressure. The dipolar forces deforming the particle due to their tendency towards chain like arrangements of the moments also increase its ability to withstand external pressure, if the field is applied parallel to the direction of the force, maintaining a 6 % larger stamp height for the particle on the right panel of Fig. 6 .
Conclusion
Hollow magnetic microspheres were fabricated from precursor core-shell particles by plasma treatment. The submicron polystyrene cores were completely removed from the composite core-shell spheres by 30 min oxygen plasma etching that results in fabrication of intact spherical magnetic capsules on different substrates.
The computer simulations of magnetic hollow microspheres show that dipolar forces between the individual magnetic particles play an important role for the materials properties. They lead to considerable magnetoelastic effects in external magnetic fields, especially for composites with small adhesive forces between the nanoparticles. However, further simulations suggest that the deformations caused by large magnetic fields may be non-reversible, even for larger binding energies of = 0.25 eV and above, thus limiting their technical usefulness. Technical applications not intending the destruction of the particle (which could nevertheless be desirable, e. g. for biomedical applications) should therefore not take place in the regime of strong magnetic fields close to the saturation field. Larger sphere diameters and larger shell thicknesses may improve the stability. Systematic investigations of the influence of sphere geometry on the magnetoelastic properties are, however, impaired by the quadratic scaling of the computation time with the system size and thus subject to future work. 
